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A~tract--Calclum, magnesium and phosphorus are the major mineral elements m puparlal exuvme ot 
the face fly, Mu~ca autumnahs house fly, M domesttca and stable fly, Stomoxys calcttrans, but they are 
20-50 times more prevalent m face fly tha m the other two speoes that sclerotxze the puparlum Carbon 
and mtrogen are approx 5 times more abundant m house fly puparxa than m face fly puparm Face fly 
puparla contain two and three-fold less total amino acids than the house fly and stable fly, respectively 
fl-Alanme is a major amino acid m puparml cuticle of the house fly and stable fly, but it is absent m the 
face fly There is no slgmficant &fference m glucosamlne (chitin) content between the three species 
Dopamme is the major catechol detected in face fly puparlal cuticle while N-fl-alanyldopamlne (NBAD) 
is 10 to 15 times more prevalent than other catechols such as dopamme, N-acetyldopamlne (NADA), 
3,4-dlhydroxyphenylalanlne (DOPA) and 3,4-&hydroxyphenylacetlc aod (DOPAC) m house fly and 
stable fly puparml cuticles The latter two species have 75 to nearly 200 times higher levels of extractable 
catechols than the face fly At the onset of puparmtton, dopamlne and NBAD attain nearly eqmvalent 
Utres m pupanal cuticles of face fly and house fly, respectively Dopamme subsequently decreases more 
than 40-fold m the face fly as the cuticle becomes stabdlzed, whde NBAD continues to accumulate m the 
house fly The house fly covalently incorporates about 150 times more catechols m the puparlum than 
does the face fly The force required to fracture house fly and stable fly puparla is about three-fold greater 
than that required to fracture face fly puparla of comparable thickness However, the face fly pupanum 
attains a strength comparable to those of house fly and stable fly puparm by slgmficantly mcreaslng Its 
thickness These results demonstrate that &pterans use both catecholammes and minerals for stabdlzatton 
of pupanal cuticle with the house fly and stable fly relying primarily on sclerotlzatton and the face fly 
on mmerahzatlon 

Kel' Word Index Catecholammes, minerals, sclerotlzaUon, pupanatlon, Diptera, tanning, dopamlne, 
DOPA, N-fl-alanyldopamlne, cuticle, N-acetyldopamme, tyroslne metabolism,/3-alanme, calcium, mag- 
nesmm, phosphorus, face fly, house fly, stable fly, cutlcular filler protein, mineralization, calcification, 
glucosamlne, chitin 

INTRODUCTION 

Insect cuticle is hardened and stabilized when tyro- 
sine derivatives are incorporated into the most exter- 
nal layers of  the chitin-protein matrix Qulnonold 
metabohtes apparently crosshnk proteins and are 
believed to be the principal means of  cuticle sclero- 
tlzatlon (reviewed by Neville, 1975, Brunet, 1980, 
Lipke et a l ,  1983) However,  a dehydrating mech- 
anism involving catechols that impregnate cuticle 
may also contribute to its stabilization (Fraenkel and 
Rudall,  1940, Vincent and Hlllerton, 1979) For  
example, as sclerotlzatlon proceeds, catecholamines 
extractable in acid have been shown to progressively 
accumulate in various cuticles (Hopkms et a l ,  1982, 
1984) 

Typically Diptera metabolize tyroslne to N- 
acetyldopamlne for the purpose of puparlal tanning 
(Karlson and Sekerls, I962, Sekens and Herrhch, 
1966) The face fly, Musca autumnahs (De Geer), 
however, appears to be an exception to this mech- 

~Send correspondence to K J Kramer, U S Gram Market- 
lng Research Laboratory, 1515 College Avenue, Man- 
hattan KS 66502 U S A 

amsm of  puparlal hardening Fraenkel and Hslao 
(1967) reported that the deposition of  calcium salts 
account for hardening and stabilization of  the pupar- 
lUre in this species Evidence to support their hypoth- 
esis that calcification supplants sclerotlzatlon in face 
fly puparla included (1) the presence of  high levels of  
calcium salts, (2) limited decreases in extractable 
protein in cuticle during puparlal hardening and (3) 
no decline in tyroslne tltre in whole animals during 
puparaatlon In contrast, large decreases in tyroslne 
content and extractable CUtlcular protein occurred in 
the house fly, Musca domestwa (L) ,  during pupar- 
latlon Darhngton et al (1983) reexamined the min- 
eral and organic composit ion of  face fly puparla and 
observed that, although mineral salts accounted for 
the bulk of  the material in the puparlal cuticle. 
sclerotlzatlon could not be ruled out since minor 
amounts of  water soluble protein were present after 
hardening Another  significant difference between 
face fly and house fly puparlal cuticles is the absence 
of  fl-alanlne (3-amino proplomc acid) In the face 
fly (Bodnaryk, 1972) fl-Alanlne is present in large 
quantity in house fly puparla and in puparla of  
other Diptera that normally form dark brown sclero- 
tlzed cuticle (Dennell, 1958, Fukushl and Sekl, 1965, 
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H a c k m a n  and  G o l d b e r g ,  1971 BodnarFFk, 1972) 
f l -Alan lne  is a cons t i t uen t  o f  the  d o p a m l n e  m e t a b o -  
hte, ?v - f l - a l any ldopamlne  ( N B A D )  which  has been 
f o u n d  In m a n y  Insect  species inc lud ing  Dip te ra  I H o p -  
klns e t  a l ,  1982 1984, K r a m e r  et  a l  1984) The  lack 
o f  f l -a lan lne  In face fly cuticle the re fore  also suggests  
tha t  sc le ro t lza t lon  is no t  the prlmarFF m e c h a n i s m  fo~ 
pupar la l  h a r d e n i n g  but  does  no t  entirely rule out  a 
role for  ty ros lne  m e t a b o h t e s  in the  s tabi l iza t ion  p ro-  
cess 

To  test m o r e  directly the  possibi l i ty  that  cate-  
c h o l a m l n e s  are  involved in s tabi l iza t ion  o f  pupar la l  
cuticle,  we have  d e t e r m i n e d  their  t l t res in lar~,al and  
pupar la l  cuticles o f  the  face fit F o r  c o m p a r i s o n  
s imilar  s tudies  have  been c o n d u c t e d  wi th  the closely 
re la ted  house  fly and  the s table  fly, S t o m o x t s  c a h ; -  

u a n s  ( L )  These  species fo rm a typical  dark  b r o w n  
sc lerot lzed  p u p a r l u m  in con t r a s t  to the  whi te  p u p a l -  
lum o f  the face fly Mine ra l  and  a m i n o  acid c o m -  
pos i t ions  o f  the pupa r l a  were also measu red  to 
fu r the r  examine  the  similari t ies  and  di f ferences  m the  
m e c h a n i s m  o f  s tab i l iza t ion  and  h a r d e n i n g  o f  the  
pupar la l  cuticle o f  three  species o f  Dip te ra  In a d d >  
t lon.  we have  d e t e r m i n e d  the  force requi red  to frac- 
ture  pupar la l  exuvlae  in o rde r  to q u a n t l t a t e  the 
relat ive ha r dne s s  o f  m l n e r a h z e d  and  sc lerot lzed pu-  
parlal  cuticles 

M a t T E R I A L S  A N D  M E T H O D S  
In se( l 

Face fl~es house flies and stable rims were obtained lrom 
colomes maintained at the Department ot Entomologt 
Kansas State University Face flies were reared on fresh 
bovine manure house flies on CSMA medium (Chemical 
Speoahtles Manufacturers Association Ralston-Purina St 
Louis Missouri) and stable fl]es on a modified corn cob-hsh 
meal medmm Wandering larvae ol the face fl~ were 
identified as those individuals which left the medium altel 
four or five days at 25 C while v, anderlng larvae ol the 
house fly and stable fl,, were those which had completel\ 
emptied thmr d~gestlve tracts OcLaslonallx larvae were 
maintained at 18 C to slow de,,elopmenl The onset ol 
puparlum formation is described as the rime that larx,ll 
cuticle had contracted into the typical puparlal shape 
(anterior retraction) and larval movement had ceased 

Determmal ton  o/ cat~ (hols 

Larvae and puparla o[ appropriate age v, ere chilled on ~ce 
and dissected in cold Drosophllan sahne solution Epider- 
mis and muscles were scraped from the cutmle The cleaned 
cuticle was homogenized in 1 2 M H(1 and 0 4 m M  sodlmn 
metablsulfite m ground glass tissue grinders Catechols wele 
recovered after adsorption to alumina and analyzed by 
reverse phase llqmd chromatograph3, with electrochemmal 
detection (Hopkins et al 1982 1984) The mobile phase was 
178"., methanol 06" .  phosphoric acid and 98 146rag 
sodmm octyl sulfate per hter at pH ~ 1)5 Retenuon times ol 
CUtlcular catechols were compared to those of standard 
compounds To conhrm the ~dent~hcatlon ol some ol the 
metabohtes in homogenates a second chromatographic 
separation was performed that utilized a mobile phase 
consisting of acetonltrlle (25°,.) and sodium lauryl sulfate 
{316mg per hter) Instead of methanol and sodium octvl 
sulfate (T D Morgan personal communication) 

4 m m o  aczd anah ~1~ 

Ahquots of  cuticle homogenates were m~xed with equal 
volumes of  concentrated HC1 Hj,droltslS was carried out 
tor 20 hr at 110 C Ill la(ltO Amino acids and glucosamlne 
were separated by cation exchange chromatographj, and 
detected b~ post column nmhydrln derlvatlzatlon 

L h m e n t a ]  amt/l  ~ts 

Pupartal LXtD. IdC V~LFL wash~.d In delonl/t_d ',~,,IIL] ~,eldpLd 
lree Ol adhering Internal nlenlbrmes nld mt~_Onld t,,lactl 
and analyzed bs muhJehalmd gIaphlt~ lurn ILC alOlnlt_ 
absorptmn spectroscop,~ ,it the Kansas St IlL l'nl~_rs~tx 
ElnlsMon Spectroscopy Labor,ltOl~ The ash u~_lghts iepr~_ 
sent single dclermln,ltlOnS ( irbon h~dtogen ~,\~gLii m 
trogen and sulfur ~ere determined b~ ttufhnan [ a b o l a l o -  
rles lne (~hea tndge  (o lo r tdo )  

bl~ orpot allon o! D O  P 4 tnto ~ ut;~ lc 

Wandering stage larvae ~erL Inlectcd ~ t h  [2-J%IDOP~ 
(Roseland et al 198:q and then pupana were collected alter 
adult ecloslon The pupanal cuucle ,~,lS prepared and 
catecholamlnes v, ere extracted and anal',zed as prexlousl,. 
described The unextracted residues ~ere eombustcd in a 
Packard Tn-Carb Sample Oxidizer lor collection ol H(O 
Distribution ol radloactl~lt\ ~as determined b,, hquld ~eln- 
tillatlon counting 

M e a s u t o n e n t  o! pupattal  lhtJ~nt, ss ~hamtteJ ]lat~bwss and 
denslll  

Cutlcular thickness was measured using an ETE(  ~tltO 
Scan U-I scanning electron microscope Pupanal d~ameter 
,*,as determined with an ocular micrometer In a stereo- 
microscope The relau~e hardness ot puparlal exu~lae was 
measured ,atth an Instron ~ Tensile Tester Model 11 :~2 x~lth 
a 2 kg load cell equipped with a probe modified lor small 
prates ol cuucle The probe diameter ,aas 0 61 mm and the 
base plate aperture through which the probe entexed ~as 
0 71 mm The densltt ot pupanal exuxJae ol t,ICC It', and 
house fix was determined b,, calculations ,issumlng that the 
exuvlae were ol a unllorm etllndrleal shape The posterior 
end of the eXUvlae was remoxed and the d~ametm and 
length determined under the stcreomlcroscope Thlckm.s,, 
was measured using a compound nneroscope w~th ep~- 
fllumln,mon Wmght was obtained using a ( a h n  dcctro- 
balance. 

RESt l T% 

E l e n t e n t a l  c ompO~l t ton  

We initially c o m p a r e d  the  minera l  c o m p o s i t i o n s  ol 
pupar la l  cuticle f rom the three  species o f  files bFF, 
measu r ing  the  ash  weight  and  s o m e  o f  the inorgan ic  
cons t i t uen t s  o f  the exuvlae  (Table  I) As was ob-  
served by D a r h n g t o n  et  a l  (1983) we t o u n d  the 
pe rcen tage  o f  pupar la l  weight  as ash m face fl~ 
exuvlae  to be a b o u t  63°0 a p p r o x i m a t e l y  lour  t imes 
grea te r  t han  the  ash c o n t e n t  in sc lerot lzed  pupa r l a  o f  
the house  tiFF and  s table  fly Ca lc ium p h o s p h o r u s  and  
m a g n e s i u m  were the p r e d o m i n a n t  l n o r g a m c  e lements  
m tha t  relat ive o rde r  o f  m a g n i t u d e  Sclerot lzed  pu-  
p a n a l  exuvlae  o f  the  house  fly and  s table  flFF con-  
t a m e d  f rom 20 to over  40 t imes  less ca lc ium than  face 
flFF on a pe rcen tage  ~ m g h t  basis P h o s p h o r u s  and 
m a g n e s i u m  were  also at much  reduced  levels in those  
species The  face fly cuticle exhib i ted  o n b  m o d e r a t e l t  
g rea te r  levels o f  p o t a s s i u m ,  zinc and  m a n g a n e s e  than  
e i ther  house  fly or  s table  fit' cuticle and  there  were 
s imilar  low levels o f  c o p p e r  i ron  and  c a d m i u m  in all 
species The  house  fly cons is tent ly  had  larger per-  
cen tages  o f  the m a j o r  inorganic  e lements  t han  the  
s table  fly Our  results  conf i rm tha t  ca lc ium phos -  
p h o r u s  and  m a g n e s i u m  are far m o r e  preva len t  in lace 
fit pupar la l  exu., lae (31 4" .  o f  dry  weight)  t han  in the 
o the r  fly species The  house  fly and  s table  IIFF also 
depos i t  lower  a m o u n t s  o f  minera l s  (2-4"., ol d r t  
weight)  pr imar i ly  m the fo rm o f  ca lc ium and phos-  
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phorus (also magnesmm and potassmm m the house 
fly) m their puparlal cutlctes Apparently, puparlal 
mmerahzatlon mvolves a slgmficant deposition of 
magnesium salt as well as that of calcium Darhngton 
et al (1983) determmed that calcium and magnesmm 
phosphates are the major salts in empty puparta of 
the face fly with lesser contributions from calcmm 
and magnesmm carbonates Similar elemental com- 
positions have been reported for pupana of Musca 
fergusont, a closely related species which uses miner- 
als for puparlal stablhzatlon (Gdby and McKellar, 
1976) 

In contrast to the lnorgamc elements, carbon, 
hydrogen, nitrogen and sulfur were much more abun- 
dant in house fly exuvlae than m face fly exuvlae 
(Table 2) These results ln&cated that organic com- 
ponents such as proteins and catechols constitute a 
greater percentage of the weight of sclerotlzed cuticle 
relative to mlnerahzed cuticle 

Amino actd and glucosamme compostltons 

The ammo aod and glucosamme composmons of 
acid hydrolyzed pupanal cuticle of the three Dipteran 
species are shown in Table 3 There was no slgntficant 
&fference m glucosamme (chitin) content between the 
three speoes Large differences existed between the 
amino acid compositions of mmerahzed and sclero- 
tlzed puparla Face fly cuticle contained two to three 
fold less total amino acids (or protein) than &d 
sclerotlzed house fly and stable fly cuticles Bodnaryk 
(1972) reported slmdar differences between M au- 
tumnahs and M domesttca in amino acid com- 
posltton The trend in overall amino acid (protein) 
content (stable fly > house fly > face fly) was op- 
posite to that of mineral content which m&cated that 
lnorgamc salts substitute for protein m cuticle The 
only amino acid present at a comparable level m the 
exuwae of all three speoes was glycme The major 
incongruity found between the various files was the 
absence of fl-alanme m face fly cuticle, as prewously 
shown by Bodnaryk (1972) fl-Alanlne ~s also absent 
from the calofied puparla of M fergusom (Gdby and 
McKellar, 1976) fl-Alamne is important m cutlcular 
tanning due to ~ts conjugation with dopamme as 
NBAD (Hopkins et al, 1982, 1984, Kramer et al, 
1984) The fl-alanlne results are apparently related to 
the presence or absence of NBAD m puparlal cuticle 
of the three species (see next section) 

Catechol composmon 

When compared to M domesttca and S calcttrans, 
the free catechol content of M autumnahs pupanal 
exuwae was strikingly dissimilar (Table 4) Dopamme 
was the major catechol m mmerahzed cuticle whereas 
much larger quantities of dopamlne and other 
catechols (> 70-170 fold higher) were found m the 

Table 2 Major  organic elements as percentage of  dry weight of  
pupanal  exuvlae of  face fly and house fly* 

Element Face fly House fly Ratio (HF FF) 

Carbon 9 73 _+ 0 04 45 33 __ 0 06 4 6 
Hydrogen 3 31 _ 0 01 6 75 _ 0 05 2 0 
Oxygen 23 72 + 0 07 29 70 __. 0 03 1 3 
Nitrogen 1 52 + 0 08 9 50 + 0 01 6 3 
Sulfur < 0  1 0 2 4 + 0 0 2  > 2 4  

*Mean of  three determinations + SE 
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Table 3 Amino acid and glucosamme composi tmns (#tool g) ol pupanal  eXU~lde lrom 
three spemes of  Diptera* 

Amino acid Face fl~ House fly Stable fl~ 

A s p a m c  acid amlde 72 8 ± 2 9 208 4_+ 26 7 284 7 +  159 
Threonme 41 3 ± 1 5 88 6 + 10 1 I1" 2 -- 69  
Serme 3 6 6 ± 0 2  7 g ' ~ + 8 0  124"~+ 1()6 
Glu tamm acid amlde 86 3 ± :, I 214 '~ ± 2~ 0 2~9 2 ± 14 t) 
Prohne 4 6 1 ± 0 9  1137_+ 122 IV~ 9-+ 8 4 
Glycme :~03 8 ± 9 9 ~19 ~ ~ ",7 8 340 ~ +_ It) 6 
:~-Alamne 57 2 ± 0 8 12~ 4 + 16 7 194 1 ± 3 4 
Vahne 5 :~8± I 9 1 3 4 4 +  122 1 7 0 9 + 7 "  
Methlonme 4 6 ± 0 4  9 I + I 7 1 2 ' ~  1 " 
Isoleucme 2'~ 2 ± I 2 '~8 ~ ~ 7 q S'~ (I + 2 II 
Leuclne 28 7 ± 1 6 ")6 I + Ill 2 11)2 8 + 1 1 
Tvroslne 2 2 9 ± ( 1 b  5 3 6 ~ " 7  6 4 ~  I > 
Phenylalanme 1 7 8 ±  1 2 4 7 g ± 7 9  ~ 6 7 2  I 9 
~-Alanlne < 3  299 2 + 4 t  I "~27 6 - 4 1  () 
H~stadme 41 7 ± 4 7 227 4 _+ 37 6 t01 4 _+ 22 • 
L~,sme 27 5 ± t 3 b5 b, ± 16 t I(ll o + t 8 
A r g m m e  17 1 + 2 9  41 2 ±  16 1 42 ~+  I > 

Total amino acid 
relative ra tm 0 32 l) 79 I o 

Glucosamme 43 3 ± 4 7 36 6 + 14 7 57 2 -_ 22 9 

*Mean values ± SE from three analyses of  pupana  hvdrolyzed for 20hr  m ta~uo m 
6 M HCI containing 1~,, phenol Trvptophan  and c,,steme were not determined 

Table 4 Catechot composmon  (nmol,'g) of  pupanal  exuwae from three species ol 
D~ptera* 

Catechol Face fl) House fly Stable 11~ Detecnon hmzts 

N B A D  < 1 2  3 1 2 0 ± 5 6 7  7 7 4 0 ±  1268 I 2 
D o p a m m e  5 0 ± 0 8  2 1 4 ± 1 5  4 6 4 _ + 5 5  19 
D O P A  < 0 7  1 1 4 ± 0 5  2 8 6 _ + 2 4 4  0 7  
N A D A  < 0 9  2 7 2 ± 1 0 9  2 1 8 _ + 5 0  0 9  
DOPAC < 0 5  4 6 ± 1 8  167_+31 (15 

Total 5 0 "~76 6 887 5 

*Mean value _+ SE for 5-6 de te rmmatmns  except for house fly DOPA value where 
three de te rmmatmns  were made  N B A D  ~¢ f l -alanyldopamme d o p a m m e  
3 4-dlhydroxyphenethylamme, DOPA 3 4-dlh~droxvphen)lalamne N A D A  ~v- 
ace tv ldopamme DOPAC 34-dlhydroxyphen,, lacetm amd 

sclerotlzed cuticles Stable fly cuticle had the highest 
total concentration of catechols being more than two 
times higher than house fly and nearly 200 times 
higher than face fly N-fl-Alanyldopamlne (NBAD) 
was the major catechol in puparlal exuvlae of the 
stable fly and house fly but it was undetected in the 
face fly This result is in accord with the presence or 
absence of/ /-alanlne in the exuwae of these species 
(Table 3) There were apparently no ring hydroxyl 
conjugated catechols in Dipteran cuticle because no 
increase m catechol level occurred after mild acid 
hydrolysis (1 M HC1 at 100'C for 10ram) N-Acetyl- 
dopamme (NADA), the major catechol precursor for 
schlerotazatmn of puparlal cutmle of Calhphora and 

Drosophila (Karlson and Sekerls, 1962, Sekerls and 
Herrhch 1966), appears to be of only minor im- 
portance as a free constituent in cuticle of Musca 
and StomoD's since it is 10 to 40 times less abundant 
than NBAD 

Dopamme levels during pupartatton 

If catechols are Important for stabthzatlon of the 
face fly puparlum, one would expect their levels to be 
highest at the time of pupariatlon when the old larval 
cuticle ~s being translorrned into the puparlal case In 
the tobacco hornworm, Mandu~a se'~ta (L)  (Hopkins 
et al ,  1982, 1984) and the red flour beetle, Trtbohum 
~mtaneum (Herbst) (Kramer et al 1984), cate- 

Table 5 D o p a m m e  and V-/~-alanyldopamme levels (nmol g wet tissue) m face tl,, and house fl~ 
t.utlcles during puparlatlon* 

Dopamlne  N BAD 

Stage of  de'~elopment Face fly House fly Face fl~ Houso fit 

Wandermgla r '~ae  3 5 t + 4 2  1 0 + 0 4  <1 2 2 5 _ + 0 6  
Puparla 

~ 5 h r  2 3 2 5 ± 1 4 8  156_+51  < 1 2  265 t ±  1~:~0 
36hr  II 1 ± 1  ~, 
48h r  ~ , 4 + 0 6  

Post e¢losmn 5 0 ± 0 8  2 1 4 _ + 1 4  < 1 2  M20_+2,6 7 

*Mean v a l u e s ± S E  for 3 6 determinations Six cuticles pooled tor each determination N B A D  - 
N f l -a lanvldopamme 
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Table 6 Percentage dtstnbuuon of radioactivity recovered from 
adults and pupanal exuvtae from [2J*C]DOPA rejected larvae of 

face fly and house fly* 

Adult Pupanal exuwae 

Species Soluble Insoluble 

Face fly 785_+133 30_+10  184 
Housefly 426_+193 44_+07  5 2 9 + 1 4 5  

*Larvae m wandenng stage rejected with 23,500 cpm (face fly) and 
1400cpm (house fly) Total recovery of counts after adult 
eclomon ~85°,o Mean values_+ SEM for 2-3 determinations 
except for face fly puparlal exuvme insoluble ussue for which a 
single determination of pooled samples was performed 

cholammes such as dopamme, NADA and NBAD 
increase shortly before cuticle stabdlzatlon and sub- 
sequently dechne 

We measured the catechol content of face fly and 
house fly cuticles during pupanatlon (Table 5) Cuti- 
cle from feeding face fly larvae dxd not contain 
apprecmble amounts of catechols (<  1 nmol/g) The 
only catechols that increased to slgmficant levels 
thereafter were dopamlne and to a lesser extent 
noreplnephrlne (data not shown) About the time of 
pupanat]on dopamlne increased six-fold over the 
level m cuticle from wandering larvae The house fly 
accumulated NBAD into its puparlal cuticle at a 
comparable level to dopamlne m the face fly As the 
face fly puparml cuUcle stabdlzed over a 48 hr period, 
the dopamme t]tre fell to approx 2% of its highest 
level In contrast, NBAD remained elevated m house 
fly cuticle after stablhzatxon It appears that catechols 
may act as filhng materml m house fly cuticle while 
morgamc salts do the same m face fly pupana These 
results m&cate that the face fly and house fly use 
dopamme and NBAD, respectwely, to sclerouze 
pupanal  cuucle 

Ineorporatton of eatecholammes mto fly puparta 

Although dopamine is extractable from face fly 
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puparial exuvlae, such observation does not prowde 
any re&cation of how much catechol becomes cova- 
lently incorporated into stabilized cuticle as should 
occur during sclerottzat]on (Brunet, 1980) To deter- 
mine the amount of unextractable catechol that is 
presumably covalently hnked to the CUtlCular chxtm- 
protein matrix, we reJected [2J4C]DOPA into wan- 
derlng larvae of both M autumnahs and M domes- 
twa and determined the &stnbutlon of radloactwlty 
after adult eclomon had taken place Presumably 
DOPA is decarboxylated to dopamlne and incorpo- 
rated into various tissues Over 20% of the ra&o- 
actw~ty was recovered in the puparlal exuvme of the 
face fly and the remainder was present m the adult fly 
(Table 6) More than 80% of the exuv]al radxocarbon 
was insoluble (unextractable in 1 2 M HCI) whde 
only a small percentage remained as free catechols or 
other soluble metabolltes As was expected from a 
species that rehes more heavily on sclerotlzatlon for 
cuticle stabahzatlon, the house fly exhibited a more 
than two-fold greater percentage of ra&ocarbon m 
the insoluble fraction from the pupana than the face 
fly It appears that catechols become covalently incor- 
porated into the stablhzed cuticle and that sclero- 
tlzat~on is indeed an integral process of both house 
fly and face fly pupanatlon, but to much different 
degrees 

Thtckness, hardness and denstty of  pupartal exuvtae 

Thickness of face fly puparml cuticle increased 
mgmficantly as pupanal dmmeter increased (Fig 1, 
r = 0 92) No mgnlficant relationship between thick- 
ness and dmmeter was observed for either house fly 
or stable fly puparla The thickness of house fly and 
stable fly cuticles varied from only 11 to 22 #m, while 
that of face fly ranged from 13 to 36 #m The number 
of lamellae m face fly pupanal cuticle ranged from 10 
to 43 and increased mgmficantly as thickness in- 
creased (Fig 2, r = 0 92) The number of lamellae 



526 QRAI(, R R(ISbLAND et al 

Table 7 Relatr~e hardness ol pupanal  exu~me lrom la(.e fl~ hoube 
fl~ and stable fly* 

Rano ot breaking lorce 
Breaking lorce to thickness 

Species (g) (g gin) 

Face fly 17 54_+223 061 + 0 0 5  
House fl) 38 54,+ 0 92 2 08 + 0 1 
Stable flv 28 29 _+ 0 86 I 82 _+ 0 14 

*Mean values ,+ SEM n = 28 30 and 10 tor breaking force and rano 
determinations, respectl~eN 
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were higher m house fly (42-50) and stable fl) (32-44) 
cuticles However,  no relationship between lamellae 
and thickness was observed m these species The 
hardness of mmerahzed puparlal exuvlae was 
sxgmficantl2~ different from that of  sclerotlzed ex- 
uvlae The average force required to fracture face fly 
cuhcle was approximately two-fold less than those of  
house fly or stable fly (Table 7) When the breaking 
forces were normahzed to the same cuncular thick- 
ness, the differences were even more pronounced 
Scleronzed cuncle was at least three times harder 
than mmerahzed cuticle The breaking force of  face 
fly cuticle equaled or exceeded those of  house fl~ and 
stable fly only when the thickness of mlnerahzed 
cuticle was about 1 5 times greater than sclerotlzed 
cuticle (Fig 3) A highly significant correlation 
(r = 0 86) was observed between the breaking force 
of face fly cuticle and its thickness In contrast, there 
was no correlanon between these parameters for 
house fly or stable fly cuticles 

The densmes of  face fly and house fly puparlal 
exuwae were calculated by dividing their weight by 
their puparial shell volume Face fly exuvme exhibited 
a more than 20% hxgher mean density than house 
fly exuviae (2 6 4 + 0 1 6 m g m m  ~ vs 217+025mg 
mm ~, respectively, P = 0 0038) 

D I S C U S S I O N  

Although the proposal that mineralization sup- 
plants sclerotlzatlon in face fly puparla (Fraenkel and 
Hslao, 1967) has been generally accepted, it has been 
suggested that this conclusion is not entirely war- 
ranted (Darhngton et a l ,  1983) That  a completeb 
different mechanism has supplanted a common insect 
pathway used xn the formation of  such an important  
structure as cuticle seemed surprising Therefore we 
addressed the question of  whether, in addRlon to 
mineralization, scleronzatlon of  face fly puparla also 
takes place It wab estabhshed that (1) tyroslne 
metabohtes (catecholamlnes) accumulate in this 
cuticle at the time of  puparlat ion and diminish there- 
after and (2) the metabohtes become tightly bound 
(probably covalently incorporated) as the cuticle 
stabilizes Thus we conclude that sclerotlzatIon does 
occur m M autumnah~ puparIa 

The observation that dopamme ~s a predominant  
catecholamme in an insect cuticle is a novel one An 
acylated denvatwe of  dopamlne such as N A D A  or 
N B A D  is most frequently observed m high tltre in 
other species such as house fly tobacco horn- 
worm (Hopkins et a l ,  1982 1984) and red flour 
beetle (Kramer et a l ,  1984) although an oxidative 
degradation product of  dopamine, 3,4-&hydrox)- 
phenylacetlc acid (DOPAC),  may be detected at high 
levels In adult cuticle of  the black mutant  of  the red 
flour beetle, dopamme ~s a major catechol (Kramer et 
a l ,  1984) Its presence in the cuncle gives rise to an 
overproduction of  melamn which results m the black 
colouranon The absence of an apprecmble colour m 
the face fly puparlum indicates that dopamme is used 
for the productmn of protein crosshnking agents 
instead of pigments (Aso et a l ,  1984) N B A D ,  on the 
other hand is the predominant  precursor for a 
sclerotlzmg agent in house fl~ and stable fly pupana  
while N A D A  has a similar role in Calhphota and 
Dtmophda  (Karlson and Sekens 1962 Sekens and 
Herrhch, 1966) 

The quantitative ddterences m the amounts ol 
catechols, amino acids and inorganic salts in fl) 
cuhcle reflects the relanve ~mportance of mineral- 
izanon and scleronzanon in puparml stablhzation 
Face fl) pupana  have much higher levels of minerals 
and much lower catechols and amino acids in a 
cuticle that stabilizes and hardens primarily by min- 
eral salt deposition The house fl) and stable fls, 
which emplo3, a sclerotlzatmn mechamsm to stiffen 
and harden the pupanal  wall ha~e much higher 
concentranons of  amino acids and catecholammes 
and correspondlngl) lower mineral levels Our data 
indicate that the three Dipteran species utlhze both 
mechanmms of stabilization but to ver) different 
extents 

Stabilized house fly and stable fl) cuticles are 
impregnated with 75 and nearl) 200 times more 
extractable catechols, respectively than face fl) cuti- 
cle Radlolabehng experiments usmg L-DOPA as a 
precursor show that the extent of covalent incorpo- 
ration of catechols mto face fly and house fly cuticles 
is 6 to 12 times higher than free catechol concen- 
trations Assummg that L-DOPA is the primary 
precursor for dopamme synthesis, the house fl~ could 
incorporate as much as 4500nmol  catechol,g of  
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cuticle while the face fly would incorporate only 
about 30 nmol/g Structural proteins and chitin may 
be crosshnked by the catecholamme-denved qui- 
nones to form a matrix Into which other stabihzing 
factors or fillers may be added The face fly deposits 
more minerals while the house fly and stable fly refuse 
more catecholammes and proteins Into their cuticles 
Minerals, catecholammes and proteins are apparently 
filling materials that are used to give cuticle the 
required chemical and physical properties 

Sclerotlzatlon Involves several enzymes includ- 
ing tyroslnase, DOPA decarboxylase and acyl trans- 
ferases which transform tyroslne into catecholamlnes 
and qmnones Qumonold metabohtes are probably 
the electrophlhc crosshnking agents of cutlcular 
structural proteins (Brunet, 1980, Hopkins et al, 
1984, Aso et al, 1984) In the case o f M  autumnah~, 
injection of radlolabeled DOPA into larvae leads to 
its incorporation into the puparlal cuticle Since 
dopamlne and not DOPA is present in puparlal 
cuticle, DOPA is most likely converted to dopamlne 
by DOPA decarboxylase in the face fly DOPA 
decarboxylase activity increases to high levels during 
puparIatlon of Diptera (Shaaya and Sekeris, 1965, 
Lunan and Mitchell, 1969, Marsh and Wright, 1980) 
Puparial CUtlCular proteins of a flesh fly, Sarcophaga 
bullala, acquire radlolabel when larvel lnstars are 
administered [7-t4C]dopamlne (Llpke et al, 1981) 
Tyroslnase may also produce qumones from DOPA 
or dopamlne that would be incorporated Into the 
insoluble fraction of cuticle We regard the oxidation 
and direct uptake of non-oxidized DOPA as less 
plausible than decarboxylatlon to dopamme given the 
preponderance of dopamlne in face fly cuticle and 
NBAD in house fly and stable fly cuticles Another 
possible fate of DOPA is incorporation into the 
cuticle as melanin This seems unlikely since the 
puparla of house flies and stable flies are devoid of 
black pigments 

The failure of free tyroslne tltres to diminish during 
face fly development was interpreted to mean that 
sclerotlzatlon did not occur since a large decrease was 
observed in the house fly (Fraenkel and Hslao, 1967) 
However, tyrosme conjugates or other derivatives 
may have been excluded from that analysis Conju- 
gates that are more soluble than tyrosme and that 
protect the phenolic moiety from hydroxylatlon are 
common storage forms prior to moulting (Brunet, 
1980, Kramer et al, 1980, Lu et al, 1982) A deter- 
mlnatlon of tyroslne metabohtes and their fate has 
shown that M autumnahs does undertake a process 
of stabdlzation based upon use of covalent bonding 
of catechohc derivatives into puparlal cuticle Un- 
clear however is the relative importance of sclero- 
tization since Fraenkel and Hslao (1967) have re- 
ported that only a soft, transparent and colourless 
cuticle remains after removal of the mineral com- 
ponents with acid Darhngton et al (1983) also report 
that puparla become soft and semi-transparent after 
treatment with 0 I N HCI 

The stabilization of crab cuticle by mineralization 
may be a homologous process to the mineralization 
of insect cuticle Catechols typically found in tanning 
insect tissues, including NADA and N-acetylnor- 
epinephrine, are found in haemolymph and cuticle of 
crustaceans (Vacca and Flngerman, 1975) The oc- 

currence of both mlnerahzatlon and sclerotlzatlon in 
those arthropods is well documented Dendmger and 
Alterman (1983) showed that the initial postmoult 
tensile strength is due to sclerottzatlon and that 
subsequent investment of the cuticle with salts causes 
brittleness to increase Hepburn et al (1975) suggest 
that mineralization of cuticle imparts greater re- 
sistance to compressablhty 

Even though face fly exuviae contain 17-fold more 
ash than house fly exuvlae, their density is only 
moderately greater (20°~) Apparently sclerotlzed cu- 
ticle is more densely packed with organic material 
than mineralized cuticle with inorganic material 
When compared in terms of density, thickness and 
hardness, cuticle stabilized primarily with protein and 
catechols is both hghter and stronger than cuticle 
stablhzed primarily with minerals The differences in 
physical properties no doubt played a major role in 
the preponderant selection of sclerotlzatlon instead of 
mineralization as a CUtlCular stabilization mechanism 
for insects The face fly appears to compensate for the 
use of a more brittle material (minerals) by adding 
more of that material to the cuticle Face fly puparia 
of larger diameter are thicker due to an increased 
number of lamellae This process attains a CUtlCular 
hardness similar to that of house fly and stable fly 

Additional research may show that specific me- 
chanical properties (for example, hardness, brittle- 
ness, tensile strength) of a complex composite mate- 
rlal such as cuticle may be ascribed to individual 
components such as scleroprotelns, chitin, catechols, 
minerals and hpids When calcium was extracted 
from crab cuticle, tensile strength increased by nearly 
50~, (Dendinger and Alterman, 1983) Although the 
puparlal breaking force data are not directly com- 
parable to tensile strength data, both types of data 
suggest that minerals harden cuticle less effectively 
than proteins and catechols When biochemical data 
are correlated to physical and ultrastructural proper- 
ties of cuticle, the roles of specific cuticular blochem- 
lcals will be revealed in greater detail 
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